By solving a viscoelastic model of polymer solutions in two dimensions, we demonstrate that polymer-rich regions can form a spongelike network in deeply quenched cases. In late stages the velocity field is suppressed because the network supports stress and is rigid. As a result the domain size grows as t 1͞3 . In an early stage the polymer-rich regions are shrunken due to desorption of solvent, whereas in late stages they are elastically expanded perpendicularly to the interface in regions with relatively small curvature. The viscoelastic stress then cancels the stress due to the surface tension and stabilizes the network structure for a long time. [S0031-9007(96) 
Recently a great number of phase separation experiments have been performed on polymeric systems [1] . While most of them can be understood in the light of simple dynamic models for usual fluids, some experiments have revealed unusual influence of viscoelasticity peculiar to polymers. Among them Tanaka [2] examined in detail a spongelike network structure composed of thin polymerrich regions by deeply quenching semidilute polymer solutions into an unstable temperature region. Such patterns were already observed by Aubert [1] and by Song and Torkelson [1] . There, holes of solvent appear in an early stage after an incubation time and grow until polymer-rich regions become thin to form a spongelike network. The solvent regions are droplets enclosed by the network even if their volume fraction is considerably larger than that of the network. This structure coarsens in time and ultimately breaks into disconnected polymer-rich domains. Tanaka also observed the same network formation in a polymer blend in which one phase is close to glass transition [3] . Therefore a network appears generally when the two phases have very different viscoelastic properties. The aim of this paper is hence to numerically investigate the role of viscoelasticity in producing such a network pattern in late stage spinodal decomposition in polymer solutions.
We present a dynamic model of a semidilute polymer solution in which the polymer volume fraction f satisfies f . f c and f ø 1, f c N 21͞2 being the critical volume fraction and N being the polymerization index [4] . We introduce a tensor variable W $ , called the conformation tensor, to represent chain deformations. In terms of f and W $ ͕W ij ͖, the free energy is given by [5] [6] [7] [8] 
Here f Х ͑k B T͞y 0 ͒ ͓f ln f͞N 1 ͑ 1 2 2 x͒f 2 1 1 6 f 3 ͔ is the Flory-Huggins free energy density [4] , where y 0 is the volume of a monomer and x is the interaction parameter dependent on the temperature. In the second term C͑f͒1 ͞f from the scaling theory. The last term of (1) 
where D $ ͕≠y pi ͞≠x j ͖ is the gradient tensor of the polymer velocity y p and D $T is its transposed tensor. The relaxation time t͑f͒ is very long in the semidilute region. From (1) and (2) we may calculate free energy changes against infinitesimal motion of the network to obtain the network stress
For motions of polymers much slower than t, we have W ij 2 d ij Х t͑D ij 1 D ji ͒ and obtain the Newtonian viscosity h p Gt, which is supposed to be much larger than the solvent viscosity h 0 in the semidilute case. For rapid motions, on the other hand, our system behaves as a gel and dW ij is nearly equal to the strain tensor of the displacement u p which is the time integral of y p . The solvent velocity y s and the polymer velocity y p are different when the diffusion is taking place. The volume fraction is convected by
For slow motions we may neglect the acceleration of the average velocity y fy p 1 ͑1 2 f͒y s to obtain
where ͓· · ·͔ Ќ denotes taking the transverse part. For simplicity we are assuming that the mass densities of the pure polymer and solvent are the same and the fluid is incompressible, so = ? y 0 holds. Then y may be expressed in terms of f and W $ and calculated using the FFT scheme. Furthermore, on the assumption that the network stress acts on the polymer and not directly on the solvent [10] , a two fluid model [5] [6] [7] [8] 10, 11] gives the relative velocity w y p 2 y s as
where z ͑f͒ is the friction coefficient of order 6ph 0 b 22 f 2 , b being the monomer size. The last two terms in (6) show how diffusion is influenced by viscoelasticity. We can see that stress imbalance (= ? s $ p fi 0) produces diffusion. This form of w was originally derived for gels to analyze dynamic light scattering [12] and recently used for sheared polymer solutions [11] . This effect is called the stress-diffusion coupling and is generally present in viscoelastic two component systems, giving rise to non-exponential decay in dynamic light scattering [10] and shear-induced composition fluctuations [7, 8, 10, 11] . Its effects on early stage spinodal decomposition have also been discussed [13, 14] . As the self-consistency condition of our model, if the system is closed, we can check dF͞dt # 0 from (1)- (6) for any disturbances. This condition assures that the system tends to a homogeneous equilibrium state as t !`if it is closed.
We numerically integrate (2) and (4) using y p Х y 1 w on a 256 3 256 square lattice under the periodic boundary condition. Note that y and w have been expressed in terms of f and W ij . We measure space and time in the units of ᐉ ͑NC 0 ͒ 1͞2 ͞4 and t 0 ͑y 0 N 1͞2 ͞k B T ͒ ͑z ͞f 2 ͒ᐉ 2 , where C͑f͒ in (1) is set equal to ͑k B T ͞y 0 ͒C 0 ͞f. The grid size is Dx 1, so the space region is 0 , x, y , 256. The time step is Dt 10 23 . In the initial state at t 0, F͑x, y, t͒ at each lattice point is a Gaussian random number with ͗͑F 2 ͗F͒͘ 2 ͘ 0.01. For t . 0 we set ͑1 2 2x͒N 1͞2 4.25, for which F 5.86 in the polymer-rich phase and F 0.0026 in the solvent-rich phase on the coexistence curve. Hereafter we write F f͞f c . In this final polymer-rich phase, let j and D co be the thermal correlation length (ϳ the interface width) and the cooperative diffusion constant [4] , respectively. Then we obtain ᐉ 0.81j and t 0 1.16j 2 ͞D co . The solvent viscosity h 0 is taken to be z C 0 ͞f 2 , which follows from z ϳ 6ph 0 j 22 . The shear modulus is assumed to be G 0.2͑k B T ͞y 0 ͒f 3 , from which the ratio of G to the osmotic modulus K os is 0.66 in the final polymer-rich phase. The stress relaxation time is given by t At 0 ͑F 3 1 1͒ with A 0.1. Because of this choice of A, we have t ϳ t 0 in early stage phase separation (t & 100) in our simulations. As a result the viscoelasticity does not affect the patterns appreciably for t & 100, but it comes into play in later times in which t ¿ t 0 within polymer-rich regions. On the other hand, if A * 1, the viscoelasticity is crucial from the beginning and the initial stage of phase separation is much decelerated as if there is some incubation time in accord with the experiments [2, 3] . In this Letter we set A 0.1 for computational convenience. Whereas the time scale of the coarsening sensitively depends on A, the characteristic features of the late stage domain morphology are insensitive to A as long as t ¿ t 0 holds in late stages.
In Fig. 1 we show time evolution of patterns at ͗F͘ 1.5, in which the polymer-rich regions are elongated droplets due to the viscoelasticity. Their shapes become circular after extremely long times. In fact, if we switch off the viscoelasticity [G͑f͒ 0] with the other conditions held fixed, domain shapes quickly change into circular shapes due to the surface tension for t * 150. On the other hand, the polymer-rich regions become percolated for ͗F͘ * 1.9 with the viscoelasticity and for ͗F͘ * 2.3 without it for the present quench depth. Figure 2 displays patterns at ͗F͘ 2, which closely resemble those of Tanaka. However, in the experiments desorption of solvent or the decrease of the volume fraction of the network continued for very long times, thus leading to the ultimate break-up of the network. In our case the volume fraction of the network is nearly saturated for t * 300 and no transition to a droplet state is observed. In fact the volume fraction of the network at t 500 is only by 6% larger than the final volume fraction 0.34 at t !`. At ͗F͘ 2.5 in Fig. 3 the polymer-rich domains are thicker, where the solvent droplets very slowly tend to be circular. Note that the interfaces at t 150 and 300 are mostly flat, which also occurs in phase-separating solids with elastic misfit [15] . This is the case close to the boundary between the droplet and network morphologies.
In Fig. 4 we show the interface line density L͑t͒, which is the total perimeter length divided by the system area, at ͗F͘ 2. hydrodynamic interaction (dotted line), the velocity field quickens the growth as L͑t͒~t 22͞3 in the region 100 & t & 400. In this case, however, solvent droplet shapes tend to be circular for t * 400 and a crossover to the droplet growth law L͑t͒~t 21͞3 appears to take place in later times. Notice that the growth exponent 2 3 has been obtained in the critical quench of the symmetric f 4 model with hydrodynamic interaction in two dimensions [16] . (iii) If we remove y by setting y p w in (4) in the presence of the last two terms in (6), the coarsening is slowed down from the early stage and the growth law L͑t͒ ϳ t 21͞3 holds for t * 200 (broken line). These results indicate that in the presence of viscoelasticity the hydrodynamic interaction is suppressed. We can see that the backbones of the network in Figs. 2 and 3 do not move as a whole and y almost vanish in the network.
Then we explain why polymer-rich domains do not change their elongated shapes for such a long time in the presence of viscoelasticity. In Figure 5 we display W xx 2 1 at t 70 and 140 for ͗F͘ 1.5. In the solvent region t is taken to be short in (2) and W ij Х d ij . In the early stage polymer-rich regions are elastically compressed due to desorption of solvent (as in deswelling gels). This means that W xx 2 1 and W yy 2 1 are negative in polymer-rich regions. Figure 5 (a) shows that they are on the order of 20.1 at t 70. After a transient time, however, the surface tension force becomes effective at the ends of the stripelike polymer-rich regions, where the curvature is largest. If there were no viscoelasticity, circular domains would then appear. In our viscoelastic case, let us consider a stripe elongated along the y axis; then subsequent shape changes produce elastic expansion in the direction perpendicular to the stripe (the x axis) and elastic compression in the direction of the stripe (the y axis). Fig. 5(b) at t 140 evidently shows that W xx 2 1 . 0 (and W yy 2 1 , 0) in the stripes elongated along the y axis and vice versa for those elongated along the x axis. The resultant network stress largely cancels the stress originating from the surface tension (or that from =f). Thus the viscoelastic stress strongly prevents FIG. 4 . Time evolution of perimeters divided by the system area at ͗F͘ 2.5. In the bottom (dotted) curve viscoelasticity is absent and the fluid is Newtonian. The middle (bold) curve is the case of viscoelastic fluids. In the top (broken) curve y fy p 1 ͑1 2 f͒y s is made to vanish but the viscoelastic terms in w y p 2 y s are retained. the tendency of morphology changes from elongated to circular shapes due to the surface tension. It goes without saying that the surface tension remains the driving force of coarsening because the viscoelastic stress slowly relaxes in contrast to the solid case [15] .
In summary, we have examined the effects of viscoelasticity in phase-separating polymer solutions. Interestingly the network morphologies obtained here resemble those in phase-separating solid binary mixtures in the presence of elastic misfit (or when the two phases have different shear moduli) [15] , although softer regions form a network in the solid case.
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